All original SRA files are available from the NCBI database (accession number SRP149787). Other relevant data are within the manuscript and its Supporting files.

Introduction {#sec001}
============

*Polygonatum kingianum* Collett & Hemsl is an important traditional Chinese medicine \[[@pone.0231867.ref001]\]. However, several factors can inhibit the production of *P*. *kingianum* following seed germination. One of these issues derives from the stages of early rhizome development, wherein the young germinated seed quickly develops a small rhizome that enters a prolonged state of bud dormancy, requiring a sustained period of cold for the initiation of additional growth and development \[[@pone.0231867.ref002], [@pone.0231867.ref003]\]. Such cold treatment requirements have been reported for many aspects of plant growth and development, including seed dormancy, bud break, rhizome dormancy and corm dormancy \[[@pone.0231867.ref004], [@pone.0231867.ref005]\].

Several chill models have been developed to help estimate the chilling requirements for plant growth and development; however, most of these models are based on the growth of fruit tree species. The "chilling hours" model, proposed by Weinberger \[[@pone.0231867.ref006]\], was the first such model. It used the number of hours of exposure between 0 and 7.2°C during the winter season, but the chilling effectiveness varied with the application of different chilling temperatures, so scholars put forward the concept of the chilling unit. The chilling unit accounts for the impact of different temperatures across time, helping researchers focus on specific practicable chilling requirements for dormancy breaks. Four classical chilling models have been proposed: the Utah model \[[@pone.0231867.ref007]\], low chilling model \[[@pone.0231867.ref008]\], North Carolina model \[[@pone.0231867.ref009]\] and positive Utah model \[[@pone.0231867.ref010]\]. Rhie adopted the cumulative CU model for evaluating the chilling requirements of *Paeonia lactiflora*, converting temperature and chill unit into a formula \[[@pone.0231867.ref011]\]. Fishman proposed a dynamic model, based on the counteracting effect of high temperature and low temperature treatments \[[@pone.0231867.ref012]\], but this model has rarely been used. Although many chilling models have been proposed, Sunley *et al*. \[[@pone.0231867.ref013]\] pointed out that no general models can predict bud development with sufficient precision, so it was determined that chilling models should be developed for each individual species.

Weighted correlation analysis (WGCNA) uses Pearson\'s correlation coefficients to measure the relationship between genes and then construct gene modules; genes in the same module have similar patterns. Hub genes in each module have important significance associated with phenotype \[[@pone.0231867.ref014]\]. In medical research, key target genes for the treatment of glioblastoma were identified through WGCNA \[[@pone.0231867.ref015]\]; additionally, target genes for treatment were identified in studies of Alzheimer's disease and osteoporosis \[[@pone.0231867.ref016]\]. In *Arabidopsis*, gene modules involved in seed germination were identified through WGCNA, and their underlying mechanism was further studied \[[@pone.0231867.ref017]\]. In apples, the gene modules associated with malic acid production were identified by WGCNA \[[@pone.0231867.ref018]\]. Therefore, WGCNA is very useful for mining key genes.

Transcription factors (TFs) regulate gene expression by binding to promoters of target genes and act as transcriptional activators or repressors during various stages of plant development \[[@pone.0231867.ref019]\]. Ren reported that the expression of *MdCIbHLH1* was up-regulated but then was gradually down-regulated during dormancy release in apple buds \[[@pone.0231867.ref020]\]. Yang \[[@pone.0231867.ref021]\] revealed that *RVE1* could promote *RGL2* stability; furthermore, *RGL2* could enhance the transcriptional activity of *RVE1* to control seed dormancy and germination in *Arabidopsis*. *DAG1* was reported to be a transcriptional repressor \[[@pone.0231867.ref022]\] and was shown to bind to *AtGA3ox1* to regulate seed germination \[[@pone.0231867.ref023]\]. Overall, TFs obviously play an important role in regulating seed dormancy. Currently, TFs related to dormancy have not been reported in *P*. *kingianum*. In the current study, we identified possible TFs that regulate the expression of hub genes to lay a foundation for future studies on the mechanism of dormancy release.

The process of *P*. *kingianum* seed emergence is as follows ([S1 Fig](#pone.0231867.s001){ref-type="supplementary-material"}): after the seeds were cultivated for 20 days in the dark at 25°C, the hypocotyl broke through the seed coat ([S1B Fig](#pone.0231867.s001){ref-type="supplementary-material"}), after which it gradually developed to a rhizome and grew to approximately 2.5--3 cm in length ([S1D Fig](#pone.0231867.s001){ref-type="supplementary-material"}). A bud forms at the end of the rhizome near the seed ([S1E Fig](#pone.0231867.s001){ref-type="supplementary-material"}) and enters a dormancy state when it extends to approximately 3--6 mm in length ([S1F Fig](#pone.0231867.s001){ref-type="supplementary-material"}). However, bud dormancy can be classified as paradormancy, endodormancy or ecodormancy. Paradormancy is controlled by physiological factors that do not include the bud itself (such as apical dominance) and unless these factors are removed, the dormant bud will not resume growth \[[@pone.0231867.ref024]\]. Endodormancy is controlled by the physiological factors of the bud itself, and the buds need to sense certain environmental conditions, such as light and low temperature to resume growth \[[@pone.0231867.ref025]\]. Ecodormancy is induced by inappropriate environmental conditions such as cold or drought stress, and once such factors are removed, bud growth resumes \[[@pone.0231867.ref025]\]. In our previous study \[[@pone.0231867.ref026]\], we identified three dormant stages induced by cold temperature for *P*. *kingianum* rhizome buds. After the rhizome buds were subjected to chilling treatment in the dark at 4°C for 0 and 15 days ([S1F Fig](#pone.0231867.s001){ref-type="supplementary-material"}), they entered an endodormancy state, and after they were subjected to a chilling treatment for 90 days, the rhizome buds entered an ecodormancy state. Nondormant buds were obtained after the ecodormant buds were cultivated for 15 days at 25°C under a 14:10 h light: dark period. These three different types of dormant buds were used for subsequent analysis in this research. Although transcriptomic data of endo-, eco- and nondormant buds have been reported by our team, the information obtained from the transcriptomic data is often fragmented, and gene connections between different treatments might be ignored.

In this study, we tried to develop a specific chilling model that could accurately predict rhizome bud development and speculated about the regulatory mechanism underlying how key gene modules affect bud dormancy release in *P*. *kingianum*. This is the first time that WGCNA and TF analysis were applied to study rhizome bud dormancy based on the whole transcriptome of *P*. *kingianum*.

Materials and methods {#sec002}
=====================

Plant materials {#sec003}
---------------

*P*. *knigianum* fruits ([S1A Fig](#pone.0231867.s001){ref-type="supplementary-material"}) were collected from Hongpo village, Deqin County, Yunnan Province, China (27°48′46.03″ N, 99°47′55.12″ E) and identified by Professor Xuehui Dong, College of Agronomy and Biotechnology, China Agricultural University. The seeds were obtained after the pericarp was removed and allowed to dry naturally indoors. The seeds displaying poor maturity were removed, after which plump, healthy, uniform seeds were selected and incubated at 4°C in the dark. Wet sand (disinfected river sand plus distilled water) with a water content of 20% was prepared; afterwards, the seeds and wet sand were mixed together at a ratio of 1:7, and the mixture was put into the germination boxes \[[@pone.0231867.ref026]\]. The seeds were cultivated in a dark growth chamber at 25°C for 50 days, during which time they were watered every two days. All rhizome buds that were 3--6 mm in length (**[S1F Fig](#pone.0231867.s001){ref-type="supplementary-material"}**), which had entered the dormant state, were chosen for subsequent use.

Ethical approval {#sec004}
----------------

The field study was supported by Yunnan Drug Regulatory Administration and after obtaining the permission of the land owners, we purchased *P*. *kingianum* fruits from them, in addition, no other specific permissions were required for the collecting, since both the *P*. *kingianum* and the land were privately owned. The field studies did not involve endangered or protected species.

Chill unit confirmation {#sec005}
-----------------------

Chill unit can be used to describe the efficiency of each cold temperature on releasing bud dormancy and it was studied as follows. Twenty rhizome buds were seeded at a uniform depth into trays filled with substrate (peat soil: vermiculite = 3:1). For each treatment temperature (-2, 0, 2, 4, 6, 8, 10, 12, and 14°C), each tray was subjected to 5, 11, 15, 18, 22, 27, 32, 36, 52, 61, 71 and 81 days in the dark and watered every two days. Each treatment was repeated three times. After the treatment, the rhizome buds were transferred to 25°C conditions with a humidity of 60%, a light intensity of 15000 Lx and a 14:10 h light:dark period for sprouting. The sprouting percentage in each treatment group was recorded daily for 70 days. Afterwards, chill unit was calculated for each temperature on the basis of the average slope of all the chilling-response curves (**[Fig 1](#pone.0231867.g001){ref-type="fig"}**) under each chilling temperature. We used the chill unit for each temperature relative to the chill unit for 0°C, after which the equation for the relationship between temperature and chilling unit was constructed. The resulting model was named CU~kingianum~ (<http://dx.doi.org/10.17504/protocols.io.bduhi6t6>)

![Bud development under warm conditions after different chilling treatments.\
(A) 0°C. (B) 2°C. (C) 4°C. (D) 6°C. (E) 8°C. (F) 10°C. The different line symbols represent different chilling days at each temperature.](pone.0231867.g001){#pone.0231867.g001}

Relationship between chilling accumulation and sprouting percentage {#sec006}
-------------------------------------------------------------------

We define the chilling accumulation for *P*. *kingianum* rhizome buds within an hour at a certain temperature as being equal to the chill unit for the temperature obtained above. Therefore, after determining the chill unit, we substituted the chill unit into all of the above chilling treatments to obtain the chilling accumulation under each treatment. Afterwards, the function between chilling accumulation and the average sprouting was constructed. This model is referred to as the CAS~kingianum~ model. Using this model, we can develop an accurate chilling strategy for the growth of *P*. *kingianum* rhizome bud.

Verification of the chilling models {#sec007}
-----------------------------------

To verify the utility of the chilling models under more environmentally realistic variability, forty rhizome buds that were seeded at a uniform depth in trays filled with substrate (peat soil: vermiculite = 3:1) were placed in a controlled environment in which the temperature increased from 0 to 10°C at the increments of 1°C/day, and the increased temperature was maintained for 88 days. One hundred and twenty rhizome buds were transferred to 25°C conditions with a humidity of 60%, a light intensity of 15000 Lx and a 14:10 h light:dark period for sprouting every 11 days, and the sprouting percentage was checked daily for 70 days. The observed values were compared with the predicted sprouting percentages predicted by the above mentioned CAS~kingianu~ model. Each treatment was replicated three times.

Data collection for WGCNA {#sec008}
-------------------------

The transcriptomic data for endo-, eco- and nondormant rhizome buds that were previously reported by our team (National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) accession No. SRP149787) \[[@pone.0231867.ref026]\] were used for WGCNA. The 4726 shared differentially expressed genes (DEGs) (fold change ≥ 2, false discovery rate (FDR) ≤ 0.05) ([S1 Table](#pone.0231867.s008){ref-type="supplementary-material"}) shared between the endo- vs eco-, endo- vs non- and eco- vs nondormant rhizome buds were chosen for subsequent coexpression network construction.

WGCNA {#sec009}
-----

The "WGCNA" package in R was applied to construct a scale-free coexpression network for the 4726 shared DEGs \[[@pone.0231867.ref027]\]. The soft threshold, β, was calculated by the pickSoftThreshold function in the WGCNA package to make the coexpression network conform to the scale-free topology. The function block wise Module was used to construct modules via the parameter deep Split 4. To identify the modules that are significantly associated with trait, that is, sprouting percentage in the current research (**[S2 Table](#pone.0231867.s009){ref-type="supplementary-material"}**), the correlation coefficients between the module eigengene (ME) and sprouting percentage were calculated. The correlation coefficients ranged from -1 to 1 and reflected the association between modules and traits, and the modules with correlation coefficients greater than 0.9 were defined as significant modules. The associations of an individual gene and sprouting percentage were quantified by the gene significance (GS), which was defined as the correlation between the gene and the trait. We also defined the module membership (MM) as the correlation between the module and the gene expression profile for each module. Genes in the significant modules were imported into Cytoscape_v3.6.0 for visualization of their gene coexpression network \[[@pone.0231867.ref028]\]. The degree reflects the number of genes that interact with a given gene, and K-mean analysis was used to determine the clustering of degree. The genes with degrees clustered into the first cluster, and genes whose GS was ≥ 0.95 and whose MM was ≥ 0.98 were identified as real hub genes. (<http://dx.doi.org/10.17504/protocols.io.bdwji7cn>)

Enrichment network analysis {#sec010}
---------------------------

The enrichment network analysis for the significant modules was performed with KEGG pathways and GO database using Metascape \[[@pone.0231867.ref029]\](<http://metascape.org/>). Terms with a *P*-value \< 0.01, a minimum count of 3, and an enrichment factor \> 1.5 were collected, and terms with a similarity \> 0.3 were grouped into the same cluster. Circos was used to display functional relationships between genes. Identical genes from different modules were linked, as were genes that were associated with the same enriched ontology term.

Motif-based sequence alignment analysis {#sec011}
---------------------------------------

The sequences of the real hub genes were extracted and annotated via BLASTx (NCBI; <http://www.ncbi.nlm.nih.gov/>) to *Arabidopsis* and then subsequently filtered according to the criterion of E-Value \< 1e-5; afterward, the promoters (3000 bp upstream from the transcript start site ATG) of the annotated hub genes in *Arabidopsis* were extracted and inputted into MEME ([http://meme-suite.org/tools/meme](http://memesuite.org/tools/meme)) \[[@pone.0231867.ref030], [@pone.0231867.ref031]\] to perform a motif alignment. The motifs with an E-value \< 0.05 were selected and subjected to the TomTom tool to identify significantly matching TFs that have functional information \[[@pone.0231867.ref032]\]. The Protein Data Bank (PDB) was used to retrieve the information from the matched results. (<http://dx.doi.org/10.17504/protocols.io.betkjekw>)

Quantitative real‑time PCR (qRT‑PCR) analysis {#sec012}
---------------------------------------------

Total RNA of the endo-, eco-, nondormant and differentially chilled (15, 30, 45, 60, 75 or 105 days) rhizome buds was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. First-strand cDNA was synthesized from 2 μg of total RNA using oligo(dT) as template primers in conjunction with a SuperScript^™^ IV kit (Thermo Fisher Scientific) and then diluted to 100 μl for qRT-PCR amplification. The gene for *UBQ7* (forward primer: `5’-ACCCCTTGTAATACCAGTGAC-3’`, reverse primer: `5’-AATAGCAGGTCGGTTTCC-3’0`) served as the internal gene \[[@pone.0231867.ref026]\]. The target gene for *DAG2* (forward primer: `5’-TTGAACTCATAAGATCCGGAG-3’`, reverse primer: `5’-TTGCTTGGCAAGTAATGCAC-3’`) was analyzed. The primers were designed via Primer 5.0 and Oligo 7 on the basis of the transcriptomic data of *P*. *kingianum* rhizome buds. qRT-PCR was performed on an Applied Biosystems^™^ 7500 Fast system. The PCR mixture comprised 10 μl of SYBR Green Master Mix (Thermo Fisher Scientific), forward and reverse primers (0.5 μM each), and 1 μl of cDNA template, and the total volume was 20 μl. The cycling parameters were as follows: denaturation at 94°C for 30 s followed by 45 cycles at 94°C for 12 s, 60°C for 30 s and 72°C for 40 s. Three biological replicates were included for all reactions. The relative expression was measured via the 2^−ΔΔCt^ method \[[@pone.0231867.ref033]\].

Results {#sec013}
=======

Rhizome bud development after chilling treatments {#sec014}
-------------------------------------------------

Treating rhizome buds with 12°C and above had no effect on breaking rhizome bud dormancy for three months after treatment. The -2°C treatment resulted in damage to the buds; thus, we did not consider these treatments further. It is apparent from [Fig 1](#pone.0231867.g001){ref-type="fig"} that the initial emergence time becomes delayed and that the slope of the curve decreases with increasing temperature. The earliest bud break (regardless of whether or not the final sprouting percentage reached 60% within 70 days was taken as a sign of dormancy release) after the 0, 2, and 4°C treatments occurred after 15 days ([Fig 1A--1C](#pone.0231867.g001){ref-type="fig"}). The 6, 8, and 10°C treatments resulted in the first signs of dormancy break after 18, 32, and 61 days, respectively ([Fig 1D--1F](#pone.0231867.g001){ref-type="fig"}). With respect to the 0°C treatment, the cumulative sprouting percentage reached stabilized after 37--60 days, with final levels varying from 75% of those of the 15 days chilling treatment to 98.04% of those of the 52 days chilling treatment. Furthermore, the cumulative sprouting percentage increased with increasing chilling duration, and all the 0°C-chilling treatments presented rather similar trends, although with different levels at each time point. Interestingly, the 0°C 71 days chilling treatment had the greatest sprouting percentage at most time points ([Fig 1A](#pone.0231867.g001){ref-type="fig"}). This phenomenon also occurred at the other chilling temperatures ([Fig 1B--1F](#pone.0231867.g001){ref-type="fig"}). According to the emergence uniformity and the final emergence rate, the best chilling treatment was 71 days at 2°C.

Comparison of rhizome bud development among different chilling temperatures {#sec015}
---------------------------------------------------------------------------

To determine the response of rhizome bud development to the various chilling temperatures and duration, we showed the sprouting percentage after 37, 40, 44 and 50 days of warm treatment ([S2 Fig](#pone.0231867.s002){ref-type="supplementary-material"}). The results showed that the differences among the chilling temperatures decreased with increasing chilling duration. Furthermore, with respect to the 2--10°C cold treatments, there was a general inverse relationship between the cold treatment temperature and the percentage of bud break. However, the 0°C treatment sometimes resulted in a lower percentage of bud break than did the 2°C treatment. Interestingly, the sprouting percentage showed slightly decreased after the rhizome buds were treated for 71 days at all temperatures used.

Derivation and verification of chilling models for rhizome bud development {#sec016}
--------------------------------------------------------------------------

It is apparent that the CU~kingianum~ model ([Fig 2](#pone.0231867.g002){ref-type="fig"}) best fits the function Y = -0.0154X^2^ + 0.0916X + 0.9926 (R^2^ = 0.9786), where X (0 ≤ X ≤ 10) represents the chilling temperature, and Y represents the chilling unit for that temperature. The results suggested that the optimum chilling temperature for rhizome bud dormancy release is 2.97°C, with the greatest chilling unit of 1.1288 CU. The CAS~kingianum~ model ([Fig 3](#pone.0231867.g003){ref-type="fig"}) describes the relationship between chilling accumulation and sprouting percentage on the 37^th^, 40^th^, 44^th^ and 50^th^ warming day. The results indicated that the optimum chilling requirement varied among the sprouting stages, with optimum chilling requirements of 4664 Ca at 37 warming days, 2548 Ca at 40 warming days, 1764 Ca at 44 warming days and 1438 Ca at 50 warming days.

![The CU~kingianum~ model describing the contribution of low temperature to rhizome bud dormancy break in *P*. *kingianum*.\
The x-axis (Chilling temperature) is the cold temperature used to release bud dormancy. The y-axis (Chill unit), whose values are calculated from the average slope of all the chilling-response curves under each chilling temperature, represents the efficiency of a particular cold temperature on the release of bud dormancy, and the unit (CU) is assigned. The greater the chill unit value is, the greater the promotion effect of the cold temperature on the bud dormancy release.](pone.0231867.g002){#pone.0231867.g002}

![CAS~kingianum~ models describing the relationship between chilling accumulation and sprouting percentage at four bud stages.\
(A) The 37^th^ warming day. (B) The 40^th^ warming day. (C) The 44^th^ warming day. (D) The 50^th^ warming day.](pone.0231867.g003){#pone.0231867.g003}

In the verified experiments, the bud sprouting percentage increased with chilling duration, but we found that the seedlings exposed to cold temperature for 66 days were slightly stronger than those exposed for 77 and 88 days ([Fig 4](#pone.0231867.g004){ref-type="fig"}). The CAS~kingianum~ modeled sprouting percentage was checked against the data of the verified experiments ([Fig 5](#pone.0231867.g005){ref-type="fig"}). The CAS~kingianum~ values approximated the observed values. Interestingly, the observed values were slightly greater than the predicted values at all four bud stages (**[Fig 5](#pone.0231867.g005){ref-type="fig"}**), but a strong correlation was detected between the observed values and predicted values (R^2^ \> 0.95). The fitted line approximates the equation Y = X (**[S3 Fig](#pone.0231867.s003){ref-type="supplementary-material"}**).

![Rhizome buds on the 40^th^ warming day after different chilling treatments in the verification experiment.\
(A) Eleven chilling days. (B) Twenty-two chilling days. (C) Thirty-three chilling days. (D) Forty-four chilling days. (E) Fifty-five chilling days. (F) Sixty-six chilling days. (G) Seventy-seven chilling days. (H) Eighty-eight chilling days.](pone.0231867.g004){#pone.0231867.g004}

![Validation of the CAS~kingianum~ model on the 37^th^, 40^th^, 44^th^ and 50^th^ warming day.\
The sprouting percentage we obtained from the verification experiment and the developed CAS~kingianum~ models are represented by solid and hollow shapes, respectively. The same shape represents the same warming day.](pone.0231867.g005){#pone.0231867.g005}

Thirty-three coexpression modules were produced via WGCNA {#sec017}
---------------------------------------------------------

Nine samples were clustered, and a cluster diagram (**[S4 Fig](#pone.0231867.s004){ref-type="supplementary-material"}**) was constructed to determine the correlations among the samples and to determine the correlations between the genes and their corresponding traits. The results showed that there were no outlying samples, and the samples were strongly correlated with the sprouting percentage. Herein, the power of β = 26 was chosen to construct a scale-free network; under this parameter, the R^2^ value for the topology was 0.87, and the mean connectivity was 495 (**[S5 Fig](#pone.0231867.s005){ref-type="supplementary-material"}**). Thirty-three modules were identified after the analysis and represented by different colors (**[Fig 6](#pone.0231867.g006){ref-type="fig"}**). The largest turquoise module contained 409 genes, and the smallest violet module contained only 42 genes. The details for each module are shown in [S1 Table](#pone.0231867.s008){ref-type="supplementary-material"}.

![Cluster dendrogram of 4726 DEGs together with their assigned module colors.\
The y-axis (height) represents the similarity coefficients between genes.](pone.0231867.g006){#pone.0231867.g006}

Identification of key modules for the dormancy transition {#sec018}
---------------------------------------------------------

The relevance between module and trait was further evaluated. The results showed that the dark red, royal blue, sky blue, violet, tan and white modules, with module-trait associations \> 0.9, were significant modules; these modules were used in subsequent analyses (**[Fig 7](#pone.0231867.g007){ref-type="fig"}**). Genes in the tan module were enriched mainly in terms involving the cell wall macromolecule metabolic process, detoxification, the purine-containing compound biosynthetic process, glycolysis, tropism and the phenylpropanoid biosynthetic process; genes in the royal blue model were enriched mainly in terms involving the phenylpropanoid biosynthetic process, response to wounding and hypoxia and the cellular ketone metabolic process; genes in the violet module were enriched mainly in terms involving anion transport; genes in the white module were enriched mainly in terms involving gametophyte development; genes in the dark red module were enriched mainly in terms involving plastid organization; and genes in the sky blue module were enriched mainly in terms involving anatomical structure maturation (**[Fig 8A](#pone.0231867.g008){ref-type="fig"} and [S3 Table](#pone.0231867.s010){ref-type="supplementary-material"}**). We identified a shared term related to the phenylpropanoid biosynthetic process between the tan module and royal blue module. These terms were divided into 13 clusters, and there were some shared genes among terms in each cluster, expressed as the connection of two nodes in the enrichment network (**[Fig 8B](#pone.0231867.g008){ref-type="fig"}**) and indicating the relatedness of two separate processes during dormancy release of the *P*. *kingianum* rhizome bud. In addition, the 6 significant modules shared several terms related to the hormone biosynthetic process, abscisic acid metabolic process, stomatal movement and the homeostatic process and shared several genes, indicating similar developmental patterns for different modules (**[Fig 8C](#pone.0231867.g008){ref-type="fig"}**).

![Diagram of associations between gene modules and sprouting percentage.](pone.0231867.g007){#pone.0231867.g007}

![Metascape functional categories and enrichment networks of 6 significant modules.\
(A) Enriched terms in each significant module, and the darker the color is, the more significantly enriched the term. (B) Network of enriched terms colored by cluster ID; each node represents a term. The node size is proportional to the number of genes belonging to the term, and the node color represents the identity of the cluster. The terms with a similarity \> 0.3 are connected by edges. (C) Overlap between gene lists. The purple curves are links between identical genes, and the blue curves are links between genes that belong to the same enriched ontology term. The genes on multiple lists are colored in dark orange, and genes unique to a list are shown in light orange.](pone.0231867.g008){#pone.0231867.g008}

Identification of real hub genes and TFs involved in dormancy transition {#sec019}
------------------------------------------------------------------------

The genes with edge weights \> 0.4 in the tan module, \> 0.3 in the dark red module, \> 0.25 in the violet module, \> 0.2 in the white module, \> 0.25 in the sky blue module and \> 0.35 in the royal blue module were imported into Cytoscape_v3.6.0 to construct a gene coexpression network (**[Fig 9A](#pone.0231867.g009){ref-type="fig"}**)(more details are shown in [S2 Table](#pone.0231867.s009){ref-type="supplementary-material"}). The genes with a GS \> 0.95 and an MM \> 0.98 in the tan module are shown in [Fig 9B](#pone.0231867.g009){ref-type="fig"}. When the above results are combined, a total of 37 hub genes were identified ([S6 Fig](#pone.0231867.s006){ref-type="supplementary-material"}), of which the expression of 17 genes was reduced, while that of 20 genes increased during the transition of dormancy ([S6 Fig](#pone.0231867.s006){ref-type="supplementary-material"}). The 17 genes whose expression is down-regulated are involved in the regulation of meristem growth, development and cell death, lysine decarboxylase, the regulation of transcription and the promotion of floral meristem fate, and the 20 genes whose expression is up-regulated are involved in oxidation-reduction, naringenin-chalcone synthase activity, response to cytokinin stimuli, and protein amino acid phosphorylation ([S2 Table](#pone.0231867.s009){ref-type="supplementary-material"}).

![Real hub genes in the module.\
(A) Each node represents a gene. Genes that interact with each other are connected by lines. The node size is proportional to the number of genes that interact with that node. (B) GS and MM information of hub genes in the tan module. The genes in the blue area are the real hub genes.](pone.0231867.g009){#pone.0231867.g009}

A motif-based sequence alignment of 17 annotated hub genes was conducted to investigate the possible regulatory mechanism of the hub genes. Three significantly matched motifs (E-value \< 0.05) with 7 matched TFs were identified ([S7 Fig](#pone.0231867.s007){ref-type="supplementary-material"} and [S4 Table](#pone.0231867.s011){ref-type="supplementary-material"}): *DAG2* (AAAG), *Dof5*.*7* (AAAG), *bZIP60_2* (ACGTCA), *MYB111_2* (CACC), *MYB55_2* (CACC), *MYB46_2* (CACC), and *REM1* (TGTAG). Interestingly, the best matched TF was determined to be *DAG2*, which is reportedly involved in the cold response and the control of seed germination \[[@pone.0231867.ref034]\]. Together, these results indicated that *DAG2* may bind to promoters of the hub genes to regulate bud break in *P*. *kingianum*.

Discussion {#sec020}
==========

Confirmation of chill models of rhizome bud dormancy release in *P*. *kingianum* {#sec021}
--------------------------------------------------------------------------------

Prior research on blackcurrant cultivar has revealed a positive contribution of chilling treatment below 0°C to bud dormancy release \[[@pone.0231867.ref013], [@pone.0231867.ref035]\]. Sunghee and Neilson \[[@pone.0231867.ref036]\] specified -2 to 5.5°C as the temperature range that was most effective for bud release in *Malus*, and 0--7°C was reported to be the best temperature range for rabbiteye blueberry \[[@pone.0231867.ref008]\]. For this study, we set the lowest temperature treatment as -2°C, but such a cold temperature caused frost damage to the rhizome buds of *P*. *kingianum*; thus, it was clear that this species has its own unique chilling requirements. The optimal cold temperature for bud dormancy release in *P*. *kingianum* was 2.97°C ([Fig 2](#pone.0231867.g002){ref-type="fig"}), which was similar to that found in previous studies reporting optimal chilling temperatures of 2°C and 3.2°C for '*Jonathan*' apple and sweet cherry, respectively \[[@pone.0231867.ref037], [@pone.0231867.ref038]\].

Research on the effective upper limit for the chilling temperature via the Utah model considered the maximum temperature that can contribute to break bud dormancy to be 12.4°C in peach \[[@pone.0231867.ref007]\] and 16°C in sweet cherry \[[@pone.0231867.ref013]\]. Our CU~kingianum~ model indicated that the chill unit value is 0 when the chilling temperature reaches 11.54°C ([Fig 2](#pone.0231867.g002){ref-type="fig"}), and this was confirmed by the chilling treatments at 12 and 14°C, which had no influence on the sprouting percentage compared with those of the control treatment.

Another important finding was that excessive exposure to low temperature could weaken rhizome bud development. This effect is reflected by the fact that the sprouting percentage under the 81 days chilling treatment being lower than that under the 71 days chilling treatment at all temperatures ([S2 Fig](#pone.0231867.s002){ref-type="supplementary-material"}). Additionally, the seedlings exposed to chilling treatment for 66 days were slightly stronger than those exposed for 77 and 88 days ([Fig 4](#pone.0231867.g004){ref-type="fig"}). It is also possible that excessive chilling treatment delays the initial emergence days. This possibility explains the supra-optimal chilling effect that was also mentioned by Jones *et al*. \[[@pone.0231867.ref039]\]; thus, chilling duration is an important consideration in cultivation. Moreover, the observation that the 0°C treatment sometimes resulted in a lower sprouting percentage than did the 2°C treatment ([S2 Fig](#pone.0231867.s002){ref-type="supplementary-material"}) reveals that the lowest temperature used in this treatment may not be the best at releasing rhizome bud dormancy.

Although the chill unit for 4°C (1.083 CUs) is greater than those for 6°C (1.059 CUs), we found that the rhizome buds under 6°C sometimes had a greater sprouting percentage than did those under 4°C after cold treatment for 52, 61, 71 and 81 days ([S2 Fig](#pone.0231867.s002){ref-type="supplementary-material"}). These findings could be related to the satisfaction of chilling requirements. Similarly, Campoy \[[@pone.0231867.ref040]\] reported that the most effective temperature varied with chilling accumulation. In addition, Lavarenne *et al*. \[[@pone.0231867.ref041]\] also suggested that the temperature effect is related to the physiological state of the plant.

Several chilling unit models have been reported, and most of them assumed a positive correlation between temperature and chill units, but these models cannot explain why 2°C was more efficient than 0°C at several time points ([S2 Fig](#pone.0231867.s002){ref-type="supplementary-material"}) for *P*. *kingianum*. In the present study, we developed a CU~kingianum~ model that was best fit by the function Y = -0.0154X^2^ + 0.0916X + 0.9926, where 2.97°C was defined as the optimum temperature, and no contribution was made above 11.54°C. The chill unit was calculated as a bud break percentage at optimum temperature \[[@pone.0231867.ref038], [@pone.0231867.ref042]\], but bud break was not sufficient for reflecting the efficiency of different temperatures for *P*. *kingianum*. Therefore, we designed the chill unit for each temperature as the relative values of the slope for 0°C-chilling-response curves in our model, making this the first study to use this method to characterize the chill unit.

We developed the CAS~kingianum~ model to describe the relationship between chilling accumulation and bud development. According to this model, chilling accumulations of 1940, 1472, 1160 and 964 Ca are required at 37^th^, 40^th^, 44^th^ and 50^th^ posttreatment warming day, respectively, to achieve 90% sprouting. Although several models have been reported, they are not adaptable to the data in this study; however, the modeled values obtained from the CAS~kingianum~ model were compared with the observed values ([Fig 5](#pone.0231867.g005){ref-type="fig"}). The results showed that the observed values were slightly greater than the predicted values, which might be a consequence of the "alternating temperature regime" effect \[[@pone.0231867.ref043]\], which states that alternating temperatures can have a greater effect on dormancy release than can constant temperature. Varying temperature was found to be more effective than a given average temperature \[[@pone.0231867.ref039]\]. However, the difference can be negated by linear fitting between the predicted and observed values in the current study ([S4 Fig](#pone.0231867.s004){ref-type="supplementary-material"}).

Terms enriched in the significant modules {#sec022}
-----------------------------------------

In the current study, 3 genes, *FBA6*, *AT1G32780* and *mtLPD1*, were enriched in glycolysis/gluconeogenesis terms. *FBA6* was involved in the conversion of β-D-fructose-1,6P2 and glyceraldehyde-3P. *mtLPD1* was involved in the oxidation of pyruvate, the product of glyceraldehyde, under aerobic conditions, while *AT1G32780* was involved in hypoxic conditions (according to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis). The results indicated that glucose metabolism is important during the process of dormancy release in the *P*. *kingianum* rhizome buds. Interestingly, terms related to flavonoid biosynthetic and metabolic processes were both enriched in the six significant modules. It is known that many kinds of flavonoids have medicinal value; therefore, it is possible that flavonoids are already accumulating in the early stages of the *P*. *kingianum* rhizomes. By performing an enrichment analysis performed by combining the six significant modules ([S5 Table](#pone.0231867.s012){ref-type="supplementary-material"}), we identified several unique terms compared with those in **[Fig 8](#pone.0231867.g008){ref-type="fig"}**. These terms are related to hormone biosynthetic/metabolic processes, regulation of hormone levels, jasmonic acid biosynthetic processes and abscisic acid metabolic processes; therefore, these results again confirmed our previous findings: the hormone biosynthetic/metabolic processes played an important role in controlling dormancy release in the *P*. *kingianum* rhizome bud.

TFs that were identified to bind hub genes to regulate gene expression {#sec023}
----------------------------------------------------------------------

A total of 4726 shared DEGs among endo- vs eco-, endo- vs non- and eco- vs nondormant rhizome buds were chosen from approximately 203772 contigs that were previously reported by our research team ((NCBI SRA accession No. SRP149787) \[[@pone.0231867.ref026]\]. WGCNA was successfully implemented for the 4726 DEGs, resulting in 33 modules and 17 annotated hub genes. The hub genes were then subjected to motif alignment analysis. Three significant motifs were matched to 7 TFs representing 4 families. *MYBs* recognize CACC-containing motifs. Dof domain-containing proteins such as *DAG2* and *dof5*.*7* recognize an AAAG conserved sequence. *bZIP60_2* contains an ACGTCA-like domain and *REM1* recognizes TGTAG elements \[[@pone.0231867.ref019]\]. The best matching motif matched the *DAG2* significantly. Interestingly, *DAG2* was reported to be involved in the control of seed germination. Silvia \[[@pone.0231867.ref044]\] reported that *DAG2* acts as a positive regulator of light-mediated seed germination. Our research indicated that *DAG2* is associated with the regulation of hub genes during the dormancy transition induced by chilling. In line with our results, it was reported that mutant *dag2* seeds were more dependent on cold temperature than wild type seeds \[[@pone.0231867.ref034]\]. However, not all genes with specific elements are always target genes for their corresponding TFs \[[@pone.0231867.ref022]\]; therefore, our results need to be verified with in vitro experiments. However, our analysis provides strong candidates for identifying key genes in future studies.

In the current study, 17 annotated hub genes were bound by *DAG2*, and the expression of 12 of these genes was up-regulated during dormancy release (**[S2 Table](#pone.0231867.s009){ref-type="supplementary-material"}**). Moreover, qRT-PCR also showed that the expression of *DAG2* was up-regulated after endodormancy was released ([Fig 10](#pone.0231867.g010){ref-type="fig"}). Therefore, we speculate that *DAG2* plays a positive transcriptional role in the rhizome bud of *P*. *kingianum*. In line with this speculation, a previous study also showed that *DAG2* acted as a transcriptional activator in an in vitro experiment \[[@pone.0231867.ref019]\]. Moreover, five of the 17 annotated hub genes were enriched in terms related to glycolysis, flavonoid biosynthetic/metabolic processes, phenylpropanoid biosynthetic/metabolic processes, peptidyl-amino acid modification and the response to hypoxia as well as oxygen levels according to the enrichment network analysis. There were cross-links between these terms ([Fig 8](#pone.0231867.g008){ref-type="fig"}). In addition, the expression of *DAG2* was up-regulated during the process of chilling-induced dormancy release and reached its greatest level on the 60^th^ day of chilling treatment. In addition, *DAG2* expression in nondormant buds was greater than that in endodormant buds but lower than that in ecodormant buds. Summarizing the above results, we proposed a model ([Fig 10](#pone.0231867.g010){ref-type="fig"}) in which *DAG2*, under low temperature exposure, promotes the transcription of 37 "real" hub genes involved in several enriched terms by binding to the AAAG element within the promoter regions of real hub genes, promoting the release of rhizome bud dormancy in *P*. *kingianum*.

![Proposed model for dormancy release of *P*. *kingianum* rhizome buds induced by low temperature.\
*DAG2* expression during the chilling process is shown on the left, and endo-, eco- and nondormant buds are shaded. The data labels represent chilling days at 4°C, and "90+15" means 90 days of chilling followed by transfer to 25°C for 15 days. The expression of the genes marked in blue is up-regulated, and the expression of the genes marked in red is down-regulated during rhizome bud dormancy break.](pone.0231867.g010){#pone.0231867.g010}

Conclusions {#sec024}
===========

It has been shown that excessive cold treatment has a negative impact on bud growth in *P*. *kingianum*. This is based on a single concept: the optimum chilling requirement. Therefore, we developed two chill models for *P*. *kingianum* bud growth: the CU~kingianum~ model and the CAS~kingianum~ model. The CU~kingianum~ model showed that 2.97°C had the greatest contribution to bud dormancy release, and no contribution was made above 11.54°C. The CAS~kingianum~ model can help us determine the chilling accumulation needed for bud growth so that an effective strategy for cultivation can be generated, and the modules indicated that chilling accumulations of 1940--964 Ca are required from the 37^th^ to the 50^th^ posttreatment warming day to achieve 90% sprouting, which can help guide the breeding of *P*. *kingianum*. Through WGCNA, 6 gene modules were found to be significantly related to dormancy release, and they were enriched in terms associated with glycolysis, hormone biosynthetic/metabolic processes and cell wall macromolecule metabolic processes. Thirty-seven real hub genes were identified, and *DAG2* was found to be the best matched TF that bound to the promoters of real hub genes involved in the dormancy release of *P*. *kingianum* rhizome buds.

Supporting information {#sec025}
======================

###### Seedling development of *P*. *kingianum*.

\(A\) The seed of *P*. *kingianum*. (B) Three days after the hypocotyl breaks through the seed coat. (C) The epicotyl begins to swell into a rhizome. (D-F) The rhizomes continue to swell, and roots (D) and buds (F) have formed. (F) The rhizome bud ceases growth and enters endodormancy. (G-I) The rhizome bud grows into a seedling after dormancy is released. (Wang *et al*. 2019).

(TIF)

###### 

Click here for additional data file.

###### Comparison of bud growth for different chilling temperatures at four bud stages.

\(A\) The 37^th^ warming day. (B) The 40^th^ warming day. (C) The 44^th^ warming day. (D) The 50^th^ warming day.

(TIF)

###### 

Click here for additional data file.

###### High correlation between actual and CAS~kingianum~ modeled sprouting percentage in the verification experiment.

\(A\) The 37^th^ warming day. (B) The 40^th^ warming day. (C) The 44^th^ warming day. (D) The 50^th^ warming day. The gray line is Y = X.

(TIF)

###### 

Click here for additional data file.

###### The phylogenetic tree and information for the 9 samples.

(TIF)

###### 

Click here for additional data file.

###### Analysis of network topology for various soft-thresholding powers.

(TIF)

###### 

Click here for additional data file.

###### Expression pattern and module attribution for 37 "real" hub genes in 9 rhizome bud samples.

For each gene, the FPKM value normalized by the maximum value of all FPKM values is shown. The gene symbol for each gene is shown on the left. The module attribution for each gene is shown in the second left column and the corresponding module for each color is shown on the right.

(TIF)

###### 

Click here for additional data file.

###### Motif analysis for 17 annotated hub genes.

For Motif 1, the TF *DAG2* was significantly matched; for motif 2, two significantly-matched TFs, *REM1* and *Dof5*.*7*, were found; for motif 3, four significantly-matched TFs, *MYB55*.*2*, *bZIP_2*, *MYB46_2* and *MYB111_2*, were found.

(TIF)

###### 

Click here for additional data file.

###### Expression pattern of 4726 shared DEGs in nine different dormant rhizome buds.

The expression is represented by FPKM value.

(XLS)

###### 

Click here for additional data file.

###### WGCNA related information.

"Phenotype" describes the sprouting percentage of endo-, eco- and nondormant rhizome buds. "ModuleInformation" describes the module attribution for each gene and number of genes contained in each gene module. "GSandMM" describes GS and MM value for each gene. "GS.Sprouting_percentage" represents the associations of each gene with sprouting percentage, and the greater the absolute value of GS, the more correlated this gene was with the dormancy releasing. "MM" represents the correlation of the module eigengene and each gene expression profile, and the greater the absolute value of MM, the more the gene belongs to the module. "P.GS" and "P.MM" represent *P* value for "GS.Sprouting_percentage" and "MM" respectively. "Hub genes" describes the process of screening \"real\" hub genes from hub genes and the genes marked with red are the "real" hub genes. "Real hub genes" describes the module attribution and annotation for each "real" hub gene. "Expression profile of hub genes" describes the FPKM in different dormant buds and functional annotation for each "read" hub gene.

(XLSX)

###### 

Click here for additional data file.

###### Information related to enrichment network analysis for the genes in each significant modules.

"Annotation" describes the module attribution and GO annotation for each gene. "Enrichment" describes the statistic information for each enriched term.

(XLSX)

###### 

Click here for additional data file.

###### Motif alignment analysis for the 17 annotated hub genes.

Through the alignment for the 17 promoter sequences, a total of 3 significantly-matched motifs were found.

(DOCX)

###### 

Click here for additional data file.

###### Information related to enrichment network analysis for the whole genes in 6 significant modules.

"Annotation" describes the module attribution and GO annotation for each gene. "Enrichment" describes the statistic information for each enriched term.

(XLSX)

###### 

Click here for additional data file.
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Dear editor and reviewer,

Please allow us to show our sincere appreciation to your great efforts and kind help for potential publication of our manuscript.

We have carefully studied the editor and reviewers' comments and discussed with all the co-authors. All the comments are highly valuable, and brought a vast improvement in our original manuscript. Accordingly, the manuscript has been revised thoroughly marked with track change in original draft. Complete answers are provided to the proposed opinions and comments, as follows here. In addition, the language has been fixed by a language editing company named American Journal Editing and the editorial certificate has been uploaded.

Please catch us back anytime if there are any comments not answered properly, looking forward to your hopeful reply. Your time and attention are very much appreciated.

Best regards,

Yue Wang (<yuesupermax@163.com>)

China Agricultural University

Response to editors

1.To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future

I've deposited the laboratory protocols in protocols.io and included the DOI link in the Methods section of manuscript.

2.Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming

The format has been modified according to PLOS ONE's style requirements. However, I\'m not sure what the line spacing is between the heading and the text. Please catch us back anytime if there are any revision not modified properly.

3.Tighten the abstract and the end of the Introduction to make the aim of the study very clear (abstract and intro) and simplify/shorten the abstract to focus on the key result.

Thanks for the advice, the abstract has been tightened to 216 words, leaving only the key results, and the end of Introduction line 72-76 in previous manuscript is modified to line 90-93 in "Manuscript"

4.Describe the plant material and the experimental design in greater detail using comments from Reviewers 1 and 2.

Thanks for the suggestion. The details about that have been added to line 71-89 and line 96-136.

5.Revise the reference to adhere to the PLoS format.

It has been revised according to PLOS format.

Response to reviewers

Reviewer\#1:

1.Most figures are not clear, if possible, please indicate more clear photos.

Dear reviewer, thanks for the advice. This is the editor's comments to me "Please disregard comments on figure quality as the compressed version of the paper provided to the reviewer was bad but the figures you submitted are good enough."

2.The dormant situation in the place of origin and environmental conditions should be provided in order to understand the main factors leading to dormancy.

The authors deeply appreciate the valuable suggestion about our manuscript. I've added more details to line 71-89 and line 97-106 in new "Manuscript".

The three types of dormancy has been identified in our previous research (The regulatory mechanism of chilling-induced dormancy transition from endo-dormancy to non-dormancy in Polygonatum kingianum Coll. et Hemsl rhizome bud. Plant molecular biology. 2019;99(3):205-17.).

Our research object is the rhizome bud generated from the seed, and the material collected at the origin is the seed. The rhizome bud was obtained through cultivating the seeds about 50 days under laboratory conditions, and at this time, the rhizome bud entered into endodormancy. The endodormancy can be released by low temperature and then turn into ecodormancy and nondormancy.

3.Line157-158, the best treatments should be only one.

Thanks for the advice. It has been revised in line 209.

4.Line194-195, A, B, C and D should be shown in Fig 4.

Thanks for the advice. In fact, it is a wrong legend for Fig 4. Now I've modified that in line 254-257. and in addition, "Fig 4" has been changed to "Fig 5".

5.Line201, "are" should be deleted.

Thanks! It has been revised in line 264.

6.Line204, "Clustering dendrogram" should be consistent with that in Fig 5, the Y axis Height should give an explanation in figure legend.

Thanks for the advice. It has been revised in Fig 6, and new legend has been added in Fig 6.

7\. Line231, the title does not match what follows, it should be revised.

Thanks for the good suggestion. The title has been modified to "Identification of real hub genes and TFs involved in dormancy transition" in line 297-298.

8\. Line252-253, "The results indicated that DAG2 may bind to promoters of the hub genes to regulate bud germination in P. kingianum." is just a speculation and lack of experimental evidence. Therefore, qRT-PCR analysis of DAG2 expressed in rhizome buds of P. kingianum during chilling and germination processes should be supplemented.

Thanks for the good advice. qRT-PCR analysis of DAG2 for endo-, eco-, nondormant and differentially chilled (15d, 30d, 45d, 60d, 75d, 105d) rhizome buds are supplemented in Fig 10. The description for the result is in line 414-417.

9.Line427, reference 25 (Peter LH, S. Tutorial for the WGCNA package for R: UC Los Ageles; 2014 \[) is not cited correctly.

Thanks for the advice. It has been revised to reference 27 according to PLOS format in line 514-516.

10\. In Supplementary Fig. 3, "VS" should be lower case letters.

Dear reviewer, thanks for the advice. Do you mean "VS" in the S3_Fig or in the text? There is no "VS" in the figure but I modify that in the text.

11.In addition, the reference format should meet the requirements of PLoS One.

The reference have been modified according to PLoS One format.

Reviewer \#2

1.Grammar needs to be thoroughly checked for example line 142.

Thanks for the advice. The language has been polished by AJE.

2.Line 75 does term mean GO term?

Yes, term means GO term. I supplement the database in line 163-164.

3\. Under methods section, more details about growth conditions such as humidity, watering, light intensity, duration, and weather seeds were grown in soilrite and what media was provided?

The authors deeply appreciate the valuable suggestion about our manuscript. The detail has been supplemented in line 96-136.

4\. Line 99: Was day/night temperature same?

Dear reviewer, do you mean the chilling temperature in the "Verification of the chilling models" part? Day/night temperature is the same. The rhizome buds were placed in a controlled environment with a temperature increase from 0 to 10°C at the increment of 1°C every 24 hours, and the increased temperature was maintained for 88 days. Every 11 days, one hundred and twenty rhizome buds were moved to 25°C for sprouting. This part is in line 128-136.

5\. How authors classified dormancy as endo or eco or no dormancy. Provide some details.

The authors deeply appreciate the valuable suggestion about our manuscript. This part has been supplemented in line 75-86.

6\. Line 132: How transcription start site was determined?

Thanks for the good question, the detail has been supplemented in line 168-172.

7\. Line 136: What tissue was used for qPCR analysis?

The bud on the rhizome was used for qPCR analysis. It has been supplemented in line 178-179.

8\. Line 139 Instead use qRT-PCR or qPCR everywhere in MS

Thanks for the suggestion. It has been revised in the new manuscript.

9\. Format supplementary tables and label title clearly.

Thanks for the good suggestion, I add new legend for S1-S5 Tables (line 581-601) and the label of S4_Table was also supplemented.

Review\#3

1.Abstract should be reduced only indicating the key information.

Thanks for the advice, the Abstract has been tightened to 216 words, leaving only the key results.

2.In the Introduction, first paragraph (lines 27-47) should be separated in at least two paragraphs to improve understanding.

Thanks for the advice. This part has been separated in two paragraphs in line 32-52.

3.Objectives of the work should be better clarified eliminating the references (page 4 line 96).

Dear reviewer, Thanks for the suggestion. Do you mean the paragraph named "Relationship between chilling accumulation and sprouting percentage"? I've added details in this part in line 121-126.

4.Description of methodology should be improved. The Plant material used must be clarified indicating if it is possible any reference. Description of RT-PCR must be completed. It is very important the description of the assayed genes.

The authors deeply appreciate the valuable suggestion about our manuscript.. The details about plant materials have been supplemented in line 96-136. Details of RT-PCR has also been supplemented in line 177-191, and the description for the result is in line 414-417.

5.Figure S2 should be incorporated to the main text, not as supplementary.

Thanks for the advice. It has been modified to Fig 1 in the new manuscript.

6.Figure 1 must be better explained in a new legend. Authors must clarify the difference between chill unit (accumulated chill?) and chilling temperature (temperature of controlled chamber?).

Thanks for the good question. Chill unit describes the efficiency for the cold temperature on releasing the bud dormancy and it was calculated on the basis of the average slope of all the chilling-response curves (Fig1 in the new manuscript) under each chilling temperature.

Chilling temperature used in this study is -2, 0, 2, 4, 6, 8, 10, 12 and 14°C. Through the experiment "Chill unit confirmation", we obtained the corresponding relation between "chill unit" and "cold temperature" (Fig2 in the new manuscript).

We define the chilling accumulation for P. kingianum rhizome buds within an hour at a certain temperature as being equal to the chill unit for the temperature obtained above, thus, we can figure out the chill accumulation over a period of time.

I added the details in line 108-109, 122-123 and 234-239.

7.Legend of Figure 9 must be also clarified.

Thanks for the advice. The new legend has been supplemented for S6 Fig (the new manuscript) in line 574-577.

8.Figure 9 and 10 should be incorporated as supplementary material.

Thanks for the suggestion. Figure 9 and Figure 10 have been modified to S6 Fig and S7 Fig respectively.

9.Conclusion section should be completed indicating main implications of the optained results for breeding and production.

Thanks for the good advice. The sentence "the modules indicated that chilling accumulations of 1940-964 Ca are required from the 37th to the 50th posttreatment warming days to achieve 90% sprouting, which can help guide the breeding of P.kingianum." has been supplemented in line 435-437.
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Dear Dr. Wang,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

The revision now largely meets the criteria for publication in PLoS ONE. Congratulations.

However, I did notice some room for improvement as the manuscript still contains a number of typos and approximation. For example the protocol here <https://www.protocols.io/view/a-method-for-motif-based-sequence-alignment-analys-bdwki7cw> is full of typos and the link to meme-suite (note the hyphen) is broken. I would really appreciate you to take the time to go through the manuscript at the proofing stage very carefully and make sure you are doing justice to your hard work.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Alexandre Fournier-Level, Ph.D.

Academic Editor

PLOS ONE
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Characterizing rhizome bud dormancy in Polygonatum kingianum : development of novel chill models and determination of dormancy release mechanisms by weighted correlation network analysis

Dear Dr. Wang:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Alexandre Fournier-Level

Academic Editor

PLOS ONE
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